The effects of climate change on the northern limit of the trivoltine area were clarified in the fall webworm, Hyphantria cunea (Drury) (Lepidoptera: Arctiidae). The Takaoka and Kanazawa populations used in the present study occur in locations to the north of Fukui (36.07°N), where H. cunea has recently shifted from a bivoltine to a predominantly trivoltine life cycle. The life-history traits of these populations were investigated and compared to those in the Fukui population. The lower threshold temperature for development and the thermal constant for one generation were 11.3°C and 674.5°d in the Takaoka population, and 11.2°C and 680.7°d in the Kanazawa population. The critical photoperiod for diapause induction at 25°C was 14 h 34 min in the Takaoka population and 14 h 28 min in the Kanazawa population. These critical photoperiods at 25°C were longer by 24 min and 18 min than the Fukui population, respectively. These results, together with climate data, suggest that the Takaoka population maintains a bivoltine life cycle, and a small part of the Kanazawa population has three generations per year, a predominantly bivoltine life cycle. Thus, the present northern limit of the trivoltine area lies around Fukui in districts along the Japan Sea.
INTRODUCTION
The Earth has warmed over the past 100 years, and there is ample evidence that global warming has already affected the biology of many organisms (Walther et al., 2002; Root et al., 2003) . In addition to global warming, local climates are affected by urbanization in great cities (Japan Meteorological Agency, 2008) . In many lepidopteran insects, phenology, abundance and distribution ranges have shifted in relation to climate change (e.g., Parmesan, 1996; Yoshio and Ishii, 1998; Parmesan et al., 1999; Roy and Sparks, 2000; Hill et al., 2001; Roy et al., 2001) . These shifts would lead to changes of life cycles and life-history traits. In the pitcherplant mosquito, Wyeomyia smithii, the critical photoperiod for diapause induction has shortened in the northern area of the USA as a result of adaptation to recent global warming (Bradshaw and Holzapfel, 2001) ; however, little information is available on the effects of climate change on insect life cycles and life-history traits, especially in their processes and required periods.
The fall webworm, Hyphantria cunea (Drury) (Lepidoptera: Arctiidae), was originally distributed in North America (Warren and Tadic, 1970) and spread into central Europe and eastern Asia in the 1940s (Warren and Tadic, 1970; Umeya and Itô, 1977) . In Japan, this species was first found in Tokyo (35°40ЈN, 139°46ЈE) in 1945 (Umeya and Itô, 1977) . Since then, this moth has expanded into the range from 32°N to 42°N in Japan (Gomi, 1997; Gomi et al., 2004) . A bivoltine life cycle prevailed throughout its distribution in Japan until the early 1970s (Masaki, 1975) ; thereafter, the life cycle of H. cunea became trivoltine in southwestern districts of Japan, but has remained bivoltine in the northern districts (Gomi and Takeda, 1990 , 1991 . The northern limit of the trivoltine area lies in localities at around 36°N (Gomi, 1996a (Gomi, , 1997 (Gomi, , 2000 . Some life-history traits differ between bivoltine and trivoltine populations (Gomi, 1996b (Gomi, , 1997 (Gomi, , 2007 Gomi and Takeda, 1996) . These shifts in the life cycle and life-history traits have occurred in relation to expansion of the distribution range in Japan.
The northern limit of the trivoltine life cycle of H. cunea in Japan was between Kyoto (35°01ЈN, 135°45ЈE) and Fukui (36°04ЈN, 136°13ЈE) in districts along the Japan Sea in Honshu Island, where a trivoltine life cycle prevailed in the former and a bivoltine life cycle in the latter in the middle of the 1990s (Gomi, 1992 (Gomi, , 1997 Gomi and Takeda, 1996) . In recent years, however, the life cycle of the Fukui population has shifted to become predominantly trivoltine, and the critical photoperiod at 25°C shortened by 14 min when individuals collected in 2002 were compared with those from 1995 . As the climate of Fukui has warmed over the last three decades, these changes in the life cycle and life-history traits in the Fukui population were probably caused by the increase of available cumulative temperature above the lower threshold temperature for development in relation to global warming .
In the present study, to clarify the northern limit of the trivoltine area in districts along the Japan Sea, life-history traits were investigated in H. cunea occurring in Takaoka and Kanazawa, located to the north of Fukui. The life-history traits of these populations were compared to those in the Fukui population, and their life cycles were deduced from the present results and climate data at the two sites.
MATERIALS AND METHODS
Mid-instar larvae of Hyphantria cunea were collected in late June on their host trees of Prunus sp., Platanus sp. and Liquidambar styraciflua L. in 2006 in Takaoka (36°45ЈN, 137°01ЈE) and in 2007 and 2008 . The collection sites were the same in both years in each city. The larvae were reared on an artificial diet, "Insecta LFS" (Nihon-Nosan-Kogyo, Yokohama), in transparent plastic cups (500 ml) at 25Ϯ0.5°C and 16L8D. Adults that emerged within 24 h were paired in plastic cups for oviposition. Egg batches were maintained with moist paper towels until hatching. The pupae, adults and eggs were kept under the same conditions as in the larval stage.
To investigate the developmental rate, hatchlings were transferred to the artificial diet in cups (500 ml) and incubated at 18, 20, 22, 23, 25 and 27Ϯ0.5°C under 16L8D . Under these conditions, all individuals averted diapause in the pupal stage. The diet was replenished every 2-6 d depending on the larval age and temperature conditions. Dates of pupation and adult emergence were recorded. The lower threshold temperature for development and the thermal constant were calculated from the developmental rates of the larval and pupal stages. The thermal constant for the egg stage was nearly the same in the Kumamoto, Kobe and Fukui populations of H. cunea (Ͻ1°d) (Gomi et al., 2003 . The thermal constant for the preoviposition period is 55.2°d in the Fukui population (Gomi et al., 2007) , and was expected to be similar to the Takaoka and Kanazawa populations; therefore, to estimate developmental parameters for one generation in the Takaoka and Kanazawa populations, the average developmental periods of the egg stage and the preoviposition period in the Fukui population were used in the present study.
To investigate the photoperiodic response controlling diapause induction, hatchlings were transferred to an artificial diet and incubated under photoperiodic conditions of 13.75L10.25D, 14L10D, 14.25L9.75D, 14.5L9.5D, 14.75L9.25D and 15L9D at 25Ϯ0.5°C. Pupae that emerged as adults within 40 d were regarded as non-diapause individuals, and the remaining survivors as diapause pupae (Gomi, 1995) . The critical photoperiod was estimated as the photoperiod inducing diapause in 50% of individuals.
The statistical analyses used in the present study were mentioned in Zar (1999) . The larval and pupal periods at all temperatures and the incidence of diapause under 14.25L9.75D and 14.5L9.5D were compared among populations by the Tukey-Kramer test and by Tukey-type multiple comparisons for proportions, respectively. Data on air temperatures and natural daylengths in Takaoka and Kanazawa, which are used in the analyses of seasonal life cycles, were obtained from the web sites of the Japan Meteorological Agency (http://www. jma.go.jp/jma/index.html) and National Astronomical Observatory of Japan (http://www.nao.ac.jp/).
RESULTS

Developmental rate
The average developmental periods decreased as the temperature increased in the larval and pupal stages of the Takaoka and Kanazawa populations (Table 1) . When the average developmental periods of these populations and the Fukui population were compared, there were significant differences for all temperatures at each developmental stage (Tukey-Kramer test, pϽ0.05); however, the differences among average developmental periods were small, within 3 d, and no population had the longest or shortest developmental period at all temperatures.
The developmental parameters were estimated from the developmental rate of the Takaoka and Kanazawa populations (Table 2) . Regression analyses showed that the developmental rate in the larval stage of the Takaoka population and the pupal stage in the Kanazawa population was delayed at the highest temperature of 27°C, and these data were thus excluded from the analyses. The developmental rate significantly correlated with the temperatures in the larval and pupal stages of these populations (rϾ0.992, pϽ0.01). As the developmental periods of the egg stages and preoviposition period were not investigated in the present study, these data in the Fukui population were used to cal- In each developmental stage, values followed by the same letters in each temperature are not significantly different by Tukey-Kramer test (pϾ0.05). Sample sizes are given in parentheses in the larval stage, and are the same in the pupal stage. The data of the Fukui population were taken from Gomi et al. (2007) . 1/D, developmental rate; T, temperature; r, correlation coefficient; t 0 , lower threshold temperature for development; K, thermal constant. The regression equation in each developmental stage was estimated from the average periods at five (*) or six temperatures. The data of the preoviposition and egg stages of the Fukui population were also used for estimation of one generation in the Kanazawa and Takaoka populations. The correlation coefficient is significant in the preoviposition period (pϽ0.05) and the other developmental stages (pϽ0.01). The data of the Fukui population were taken from Gomi et al. (2007) . culate the developmental rates for one generation in the Takaoka and Kanazawa populations. The developmental rate for one generation was estimated from the sum of the average period of each developmental stage at five temperatures, excluding 27°C, due to developmental delay in some stages. The lower threshold temperature for development and the thermal constant for one generation were 11.3°C and 674.5°d in the Takaoka population, and were 11.2°C and 680.7°d in the Kanazawa population. Thus, the developmental traits were similar in these populations, although the lower thresholds were slightly higher and the thermal constants were lower than those of the Fukui population.
Photoperiodic response controlling diapause induction
The photoperiodic responses controlling pupal diapause induction were investigated in the Kanazawa and Takaoka populations at 25°C (Fig.  1) . The photoperiodic response curve of the Fukui population is also shown in the figure. The incidence of diapause was significantly different among the populations under both 14.25L9.75D and 14.5L9.5D (Tukey-type multiple comparisons for proportions, pϽ0.001). The critical photoperiod obtained in the present results was 14 h 34 min for the Takaoka population and 14 h 28 min for the Kanazawa population. The critical photoperiods of these populations were 24 min and 18 min longer than the Fukui population, 14 h 10 min, respectively.
DISCUSSION
In Fukui, Hyphantria cunea was first found in 1974 and in the middle to late 1950s in Takaoka and Kanazawa (Nakata, 1996) , and the life cycle of these populations was bivoltine until the first half of the 1990s (Gomi and Takeda, 1996) . The lower threshold temperature for development for one generation was 11.3°C in the Takaoka population, 11.2°C in the Kanazawa population and 10.6°C in the Fukui population . The annual cumulative temperature above these lower thresholds was calculated from 1975 to 2007 based on the monthly mean temperatures in Takaoka, Kanazawa and Fukui (Fig. 2) . The annual cumulative temperature was positively correlated with years in all sites (rϭ0.436 for Takaoka, pϽ0.05; Fig. 1 . Photoperiodic response curves at 25°C controlling diapause induction in Hyphantria cunea collected in Takaoka (36.75°N) and Kanazawa (36.57°N), Japan. The photoperiodic response curve for the Fukui population was taken from Gomi et al. (2007) . The average sample sizes are 298 individuals, ranging from 227 to 355, for the Takaoka population, and 312.6 individuals, ranging from 220 to 452, for the Kanazawa population. Different small and capital letters indicate that the incidence of diapause is significantly different by Tukey-type multiple comparisons for proportions (pϽ0.001) under 14.25L9.75D and 14.5L9.5D, respectively. Fig. 2 . The annual cumulative temperature above the lower threshold temperatures for development in three populations of Hyphantria cunea, 11.3°C in Takaoka, 11.2°C in Kanazawa and 10.6°C in Fukui . Annual cumulative heat was calculated from monthly mean temperatures from 1975 to 2007. Temperature data were obtained from the Japan Meteorological Association (http://www.jma.go. jp/jma/index.html).
rϭ0.549 for Kanazawa, pϽ0.01; rϭ0.460 for Fukui, pϽ0.01) . These increases of annual cumulative temperatures are probably a manifestation of global warming and urbanization. The slope of Kanazawa, the largest city among the three, was slightly steep. This result would suggest that urbanization partly contributes to the increase of annual cumulative temperatures. In the ten years from 1998 to 2007, the average annual cumulative temperature was 1,937°d in Takaoka, 2,125°d in Kanazawa and 2,271°d in Fukui.
The seasonal life cycle of the Takaoka and Kanazawa populations in recent years was deduced from the average annual cumulative temperatures from 1998 to 2007 and the life-history traits obtained in the present study. If larval hatching in the first generation required 400°d from the beginning of a year, which was obtained from a trivoltine population of H. cunea in Kobe (34°41ЈN, 135°11ЈE) (Gomi and Takeda, 1990) , the hatching date of larvae for the second generation was estimated to be August 11 in the Takaoka population. The photoperiod-sensitive stage in H. cunea is primarily in the first half of the larval stage (Masaki, 1977) . If one hour is added to the time from sunrise to sunset for twilight (Takeda and Masaki, 1979) , natural daylengths become shorter than the critical photoperiod of 14 h 34 min on August 16 when average air temperatures are around 26°C in Takaoka; therefore, natural daylengths are shorter than the critical photoperiod in most larval stages in the second generation. This analysis suggests that most pupae in the second generation enter diapause in Takaoka. In addition, the thermal constant in the Takaoka population indicates that it takes 2,120°d to complete three generations; however, the available annual cumulative temperature has been 1,937°d on average for the last ten years, which is lower than the cumulative temperature required for three generations. Thus, these analyses suggest that the Takaoka population maintains a bivoltine life cycle.
When similar analyses were carried out in the Kanazawa population, the hatching dates of larvae were estimated to be August 3 for the second generation and September 20 for the third generation. In Kanazawa, natural daylengths become shorter than the critical photoperiod of 14 h 28 min on August 18 when average air temperatures are around 26.5°C. This analysis suggests that some individu-als in the Kanazawa population avoid diapause in the second generation. The available annual cumulative temperature for the last ten years is 2,125°d on average, slightly lower than the estimate of the required cumulative temperature for three generations, 2,168°d. Thus, these analyses suggest that the Kanazawa population has a partially trivoltine life cycle, although few individuals may avoid diapause in the second generation. In conclusion, the present northern limit of the trivoltine area in H. cunea lies around Fukui in districts along the Japan Sea.
Global warming affects the distribution range of many organisms with a general trend toward higher latitudes (Bradshow and Holzapfel, 2006) . Many lepidopteran insects, chiefly butterflies, the dispersal capacity of which is generally high, show similar trends (Yoshio and Ishii, 1998; Parmesan et al., 1999; Hill et al., 2001) . This suggests that H. cunea individuals originating from a trivoltine area have expanded their range to the north, and their life-history traits, such as a short critical photoperiod for diapause induction, have spread in the Fukui population. However, the dispersal capacity of adults is low in this species, less than a few hundred meters for one generation (Suzuki and Kunimi, 1981; Yamanaka et al., 2001) . Although it remains possible that individuals of a trivoltine population moved to Fukui by chance, in this case the number would be small. The shift of the life cycle and the life-history traits in the Fukui population occurred from 1995 to 2002 . If there were few originating individuals of a trivoltine population, this period would be too short to see their life-history traits spreading in the Fukui population; therefore, it is more likely that a shift of the life cycle occurred through natural selection in the Fukui population with a bivoltine life cycle because the increase of cumulative temperature related to climate change favors a trivoltine life cycle.
